Binding of the human nucleotide excision repair proteins XPA and XPC/HR23B to the 5R-thymine glycol lesion and structure of the cis-(5R,6S) thymine glycol epimer in the 5 
ABSTRACT
The 5R thymine glycol (5R-Tg) DNA lesion exists as a mixture of cis-(5R,6S) and trans-(5R,6R) epimers; these modulate base excision repair. We examine the 7:3 cis-(5R,6S):trans-(5R,6R) mixture of epimers paired opposite adenine in the 5 0 -GTgG-3 0 sequence with regard to nucleotide excision repair. Human XPA recognizes the lesion comparably to the C8-dG acetylaminoflourene (AAF) adduct, whereas XPC/HR23B recognition of Tg is superior. 5R-Tg is processed by the Escherichia coli UvrA and UvrABC proteins less efficiently than the C8-dG AAF adduct. For the cis-(5R, 6S) epimer Tg and A are inserted into the helix, remaining in the Watson-Crick alignment. The Tg N3H imine and A N 6 amine protons undergo increased solvent exchange. Stacking between Tg and the 3 0 -neighbor GC base pair is disrupted. The solvent accessible surface and T 2 relaxation of Tg increases. Molecular dynamics calculations predict that the axial conformation of the Tg CH 3 group is favored; propeller twisting of the TgA pair and hydrogen bonding between Tg OH6 and the N7 atom of the 3 0 -neighbor guanine alleviate steric clash with the 5 0 -neighbor base pair. Tg also destabilizes the 5 0 -neighbor GC base pair. This may facilitate flipping both base pairs from the helix, enabling XPC/HR23B recognition prior to recruitment of XPA.
INTRODUCTION
5,6-dihydroxy-5,6-dihydro-2 0 -thymine, thymine glycol (Tg), is formed by exposure to radiation and chemical oxidants (1, 2) . It is also formed by oxidation of 5-methylcytosine to 5-methylcytosine glycol, followed by deamination (3, 4) . The C5 and C6 atoms of Tg are chiral and it exists in DNA as diastereomeric pairs of epimers, the 5R cis, trans pair (5R,6S;5R,6R) and the 5S cis, trans pair (5S,6R; 5S,6S) (Scheme 1) (5-7). The 5R pair is more abundant and more stable; in either case, the cis isomers predominate at the nucleoside level (6) . Human cells repair hundreds of Tg lesions per day (8, 9) .
The 5R-Tg lesion has been examined in the 5 0 -ATgA-3 0 sequence, paired opposite dA (10) . It was concluded that Tg was partially extrahelical (10) . It was also reported that the structure of 5R-Tg placed opposite dA in the 5 0 -GTgC-3 0 sequence was disordered (11) . These studies (10, 11) did not report cis-trans epimerization (5-7) of Tg. In DNA the complementary base modulates the cis-trans equilibrium of 5R-Tg. When paired opposite dA in the 5 0 -GTgG-3 0 sequence a 7:3 cis (5R,6S): trans (5R,6R) mixture exists at equilibrium at 25 C, whereas when paired with dG in the same sequence, only the cis (5R,6S) epimer is observed (12) . When cis-(5R,6S) Tg is mismatched with dG in the 5 0 -GTgG-3 0 sequence it assumes the wobble orientation, and shifts toward the major groove. This increases its solvent accessible surface but it remains stacked into the helix. Intrastrand hydrogen bonding between the hydroxyl on C6 of Tg and the N7 of the 3 0 purine (13) is weak (14) . The 5R-Tg lesion hinders DNA replication (15, 16) . It is a substrate for base excision repair. This is mediated by at least two DNA N-glycosylase/AP lyases that are influenced by the diastereoisomer of Tg, the cistrans epimerization of each diastereoisomer, and the identity of the complementary purine (17) . The 5R-Tg lesion is also repaired by nucleotide excision repair (NER), although the effects of the cis-trans epimerization of each diastereoisomer of Tg with regard to NER have not been characterized. Both randomly introduced 5R-Tg and abasic sites are substrates for the Escherichia coli UvrABC proteins (18, 19) . Tg is also excised in vitro by human NER (20) .
Here we report on the 7:3 cis-(5R,6S):trans-(5R,6R) mixture of Tg epimers paired opposite adenine in the 5 0 -GTgG-3 0 sequence (12) with regard to NER by the NER proteins of E. coli and the binding of the lesion by the human NER proteins XPA and XPC/HR23B. The 5R-Tg lesion is a good substrate for binding by UvrA and excision by UvrABC, although the bulky C8-dG DNA adduct of AAF is recognized and incised more efficiently. However, recognition of 5R-Tg by the human XPC/HR23B complex is superior to the bulky AAF adduct, whereas recognition by human XPA is comparable to the AAF adduct. To elucidate structure-activity relationships underlying these observations, the structure of the cis-(5R,6S) Tg epimer embedded in the same 5
0 -GTgG-3 0 sequence and placed opposite to deoxyadenosine has also been refined. It remains in the Watson-Crick orientation with respect to the complementary dA, but the solvent accessible surface area of Tg is increased. The complementary A 19 remains stacked in the helix. Significantly, the 5R-Tg lesion also destabilizes the 5 0 -neighbor GC base pair. We propose that this lowers the activation barrier with respect to flipping both base pairs from the helix, at least in this particular sequence, enabling XPC/HR23B to recognize 5R-Tg prior to the recruitment of XPA.
METHODS

Sample preparation
The undamaged ND-50-bp and AAF-50-bp oligodeoxynucleotides were constructed as described (21) . The Tg-modified 5 0 -d(GTGCGTgGTTTGT)-3 0 (17) was characterized using a Voyager-DE MALDI-TOF mass spectrometer (PerSeptive Biosystems, Inc., Foster City, CA, USA). It was ligated with a 5 0 -32 P-labeled 20-mer, and a 19-mer on the 5 0 -and 3 0 -ends, respectively, to form the 5 0 -32 P-labeled Tg-51mer. The oligodeoxynucleo-
0 were purchased from the Midland Certified Reagent Co. (Midland, TX, USA) and purified by reverse phase HPLC.
Binding as measured by electrophoretic mobility shift assays
Assays for the UvrA protein were performed as described (21) . For the human NER proteins XPA and XPC/ HR23B, the binding assay was performed as described for XPA binding (22) , with minor modifications. The radioactivity of DNA bands on gels was quantified using a Fuji FLA-5000 phosphoimager. 
UVrABC incision assays
The 5 0 -32 P-labeled substrates (2 nM) were incised by UvrABC nucleases (UvrA, 15 nM; UvrB, 250 nM; UvrC, 100 nM) in the UvrABC buffer with 1 mM ATP at 37 C and the products were resolved on a 12% polyacrylamide gel and analyzed as described (21) . The initial rates were calculated by linear least-squares fits of data. The substrate incised in femtomoles was calculated based on the total molar amount of substrate employed in each reaction and the incision percentage of the substrate. Three experiments were performed to determine initial rates.
Nuclear magnetic resonance spectroscopy
Oligodeoxynucleotides were annealed in 20 mM sodium phosphate, containing 100 mM NaCl, 10 mM NaN 3 and 50 mM Na 2 EDTA (pH 7.0). Experiments were performed at 800 MHz. NOESY spectra for the nonexchangeable protons were recorded at 30 C with mixing times of 80, 150, 200 and 250 ms using States-TPPI phase cycling, 512 real data points in the d1 dimension with 32 scans per FID, 2K real data points in the d2 dimension, sweep width of 10 p.p.m., and a relaxation delay of 2.0 s. The water resonance was suppressed using presaturation. NOESY spectra of exchangeable protons were obtained at 5 C using watergate H 2 O suppression (23). T 1 spinlattice relaxation experiments were collected using the inversion recovery method (24, 25) . T 2 transverse relaxation experiments were collected using the CPMG method (24, 25) . 1 H spectra were referenced to 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid, sodium salt (3-TMSP). The program XWINNMR (Bruker Inc., Billerica, MA, USA) was used for data processing. A skewed sinebell-squared apodization function with a 90 phase shift was used for NOESY experiments; the same function with a 10 phase shift was used for COSY experiments.
Distance restraints
NOE intensities were determined from volume integration using SPARKY (26) . Intensities for the cis-(5R, 6S) epimer were corrected for the 7:3 cis-(5R,6S):trans-(5R,6R) molar ratio. These were combined with intensities generated from CORMA analysis of a B-form starting structure producing a hybrid intensity matrix (27, 28) , which was refined using MARDIGRAS (29) (30) (31) Electronegativity of substituent Karplus curves were generated and converted to phase angle space assuming a maximum pucker amplitude (È) of 44 (33, 34) . Scalar couplings were fit to the curves to determine pseudorotation ranges (P). The sugar pseudorotation and amplitude ranges were converted to restraints for the dihedral angles 0 to 4 . Measurements of the mol fraction of sugar puckers in the N or S conformations were determined from the sum of J 1'2' and J 1'2'' scalar couplings (34) . Nucleotides with <50% X S were allowed to explore both N and S conformations during rMD calculations (r = 0 -210 ). Nucleotides with X S > 50% were restrained such that r = 125 -210 . Backbone torsion angles were restrained with data where available; otherwise they were restrained empirically based on canonical A-form and B-form values.
Structural refinement
Partial charges for Tg were generated using GAUSSIAN (35) . Geometry optimization and ESP calculations were performed using the Hartree-Fock method with the 6-31G* basis set (12) . The output was formatted using ANTECHAMBER (36) . Starting structures were generated using NAB (37) and energy minimized using the SANDER module of AMBER (36) . Coordinate and topology files were generated with xLEaP (36) using ff99 parameters (38) . The restraint function utilized squarewell potentials (39) . The generalized Born model was used for simulated annealing calculations, with a salt concentration of 0.2 mM (40, 41) . Temperature was maintained using the Berendsen algorithm (42) . Complete relaxation matrix analysis (27, 28) was performed to determine agreement with 1 H NOESY data. A refined structure from simulated annealing was neutralized with the addition of sodium ions and placed in a truncated octahedral TIP3P water box with periodic boundaries at a distance of 8 Å from the solute. After equilibration, a 10-ns isothermal rMD calculation was performed. The temperature was controlled using the Langevin thermostat (43, 44) with a collision frequency of 1 ps À1 . Electrostatic interactions were treated with the PME method (45) . A 15-Å cutoff for nonbonded interactions was used. Bond lengths involving hydrogen were fixed using SHAKE (46) . A structural ensemble was extracted from the isothermal trajectory using PTRAJ (36) . The heavy atoms were subjected to pairwise RMSD comparisons using SUPPOSE. Helicoidal analysis was performed using CURVES (47, 48) . Structures were rendered using Chimera (49) . Solvent-excluded and solvent-accessible surface areas of individual bases as a function of probe radius were calculated using MSMS (50) .
RESULTS
Dodecamer containing the 5R-Tg lesion
The 5 0 -d(GTGCGXGTTTGT)-3 0 , X = 5R-Tg, was subjected to mass spectrometric analysis, which yielded the anticipated molecular ion peak with mass 3732 (m/z). Capillary gel electrophoretic and HPLC analysis showed that it eluted as a single peak. The adducted oligodeoxynucleotide was pure and existed as a single chromatographically separable species.
Recognition and incision of the 5R-Tg substrate by E. coli UvrABC proteins A 51-bp substrate containing 5R-Tg (Supplementary Scheme S1) was utilized. A 50-bp substrate containing an AAF adduct (AAF-50 bp) that is recognized and incised by E. coli UvrABC (21), was used for comparison. A 50-bp substrate (ND-50 bp) was used as a negative control. Figure 1A and B show gel mobility shift assays for UvrA binding to Tg and AAF substrates, respectively. The slowly migrating bands represent the formation of DNA-UvrA 2 complexes. Binding isotherms ( Figure 1C) showed that the affinity of UvrA to the 5R-Tg substrate was high, though the binding of UvrA to the AAF substrate was stronger ( Table 1 ). The UvrA had a 2.4-fold lower affinity to the Tg-50-bp substrate (K d = 24 ± 2 nM) than the AAF-51-bp substrate (K d = 10 ± 1 nM). The K d for UvrA binding to the AAF substrate agreed with the reported value (21). UvrA had lower affinity to the undamaged than to the damaged substrate, in agreement with previous observations (21) . While the differing sequence contexts of the Tg-and AAF-DNA substrates (Scheme 2A) might affect their interactions with the UvrABC system (51-53), it was assumed that sequence specific effects were smaller than those caused by the difference in the types of DNA lesions.
UvrC cut the damaged strand 4 or 5 nt 3 0 to the lesion and then 8 nt 5
0 to the lesion (Supplementary Scheme S1). The substrates were 32 P-labeled at the 5 0 -end and the incision products of were 18-mers. Figure 2A and B show temporal data for UvrABC incision of Tg and AAF substrates, respectively. No products were observed for the ND-50-bp undamaged substrate. The initial rates were determined from the relative yields of the products ( Figure 2C ). For the 5R-Tg substrate the initial rate was 0.48 ± 0.04 fmol/min. For the AAF substrate the comparable rate was 0.80 ± 0.02 fmol/min. Thus, the 5R-Tg substrate was incised 1.7X less efficiently than was the AAF substrate. However, the incision rate of the 5R-Tg substrate was greater than that of the DNA helix-distorting cross-linked tandem G(8,5-Me)T lesion (21) . Therefore, in this sequence 5R-Tg was a good substrate for the E. coli UvrABC proteins. The ratio of binding affinities of UvrA to the AAF-versus 5R-Tg substrate was 2.4, greater than the ratio of initial rates of UvrABC incision of the AAF-and 5R-Tg substrates, which was 1.7.
Binding of human NER proteins to the 5R-Tg substrate
The binding of XPA and XPC/HR23B to the 5R-Tg damaged duplex was compared with the AAF-damaged duplex using EMSA (Figure 3 ). Neither XPA nor XPC/HR23B bound to the undamaged substrate. The shifted bands represent formation of DNA-XPA 2 complexes. At low concentrations XPA bound to AAF-50 bp with a greater affinity than to Tg-51 bp, which was evident from a comparison of the 25 nM XPA lanes for 5R-Tg and AAF. At concentrations >50 nM, XPA bound to both substrates with comparable affinities ( Figure 3A) . The binding of XPC/HR23B to 5R-Tg and AAF-damaged For XPA the dissociation constants were determined for XPA dimers.
DNA is shown in Figure 3B . Figure 3C shows binding isotherms for XPA interacting with the 5R-Tg-and AAF-DNA substrates. The dissociation constants estimated for the 5R-Tg and AAF substrates were similar, 48 ± 4 nM and 44 ± 6 nM, respectively (Table 1) . XPC/ HR23B bound to Tg-51 bp with a greater affinity than to AAF-50 bp ( Figure 3D ). Unlike XPC/HR23B the E. coli NER protein UvrA bound better to AAF-DNA adduct than to Tg-DNA adduct (Figure 1 ).
Nuclear magnetic resonance spectroscopy
Data were collected upon preparation of the duplex containing the 5R-Tg lesion (Scheme 1), and again after 4 weeks. Spectral changes were not observed, suggesting that the cis-(5R,6S) and trans-(5R,6R) epimers had achieved equilibrium. The cis-(5R,6S) epimer was favored 7:3 over the trans-(5R,6R) epimer, as determined by integration of Tg CH 3 peaks (12). It was possible to obtain spectroscopic data for the cis-(5R,6S) epimer; the trans-(5R,6R) epimer was not present at sufficient levels to allow evaluation of its spectrum.
Nonexchangeable DNA protons. Figure S1 in the Supplementary Data shows NOESY cross-peaks between the base aromatic H6/H8 protons and the deoxyribose H1 0
protons. The resonances were assigned using standard strategies (54, 55) . Complete sequential NOE connectivity was obtained for both the modified and the complementary strands. With the exception of several of the H4 0 protons, and the stereotopic assignments of the H5 0 and H5 00 sugar protons, assignments of the deoxyribose protons were made unequivocally; the resonance assignments have been reported (12) .
Exchangeable DNA protons. Supplementary Figure S2 shows NOESY cross-peaks between the purine N1H and pyrimidine N3H imino protons and the amino protons of the complementary bases, involved in Watson-Crick hydrogen bonding. At the mismatched X 6 A 19 pair, the Tg N3H imino resonance was not identified. This was attributed to rapid exchange with solvent. The assignments of the remaining hydrogen-bonded imino and amino protons were made using standard methods (56) . The G 5 N1H imino resonance was broad at 5 C and disappeared when the temperature was increased to 15 C. In contrast, for an unmodified duplex, the G 5 N1H imino resonance was sharp and was observed at temperatures as high as 40 C (12 . Thus, the equilibrium mixture of epimers did not influence the chemical shift environment of the neighboring nucleotides. The spectroscopic assignments have been reported (12) .
Spin-lattice relaxation
The T 1 relaxation times of the T 2 , T 8 , T 9 , T 10 , & T 12 CH 3 and X 6 CH 3 groups were compared to those of the unmodified duplex (Supplementary Figure S3) . The X CH 3 T 1 relaxation time was 1.9 s faster than was the corresponding T 6 CH 3 relaxation time of the unmodified duplex containing T 6 A 19 . The X 6 CH 3 relaxed an average of 1.4 s faster than other thymine CH 3 groups in the X 6 A 19 duplex.
Spin-spin relaxation
The T 2 relaxation times of the T 2 , T 8 , T 9 , T 10 , & T 12 CH 3 and X 6 CH 3 groups were compared to those of the unmodified duplex (Supplementary Figure S4) . The Tg CH 3 of the X 6 A 19 duplex relaxed $70 ms faster than the corresponding CH 3 of the unmodified sample.
Structural refinement
Thirty starting structures were generated, of which half had the Tg CH 3 group in the axial conformation and half had the Tg CH 3 group in the equatorial conformation. These exhibited a maximum pairwise RMSD of 4.3 Å . The distance and torsion angle restraints used in the calculations are summarized in Supplementary Table  S1 . As Watson-Crick hydrogen bonding at the X 6 A 19 base pair was not observed, hydrogen bond restraints between X 6 and A 19 were not used. All but three of the 30 structures emerged from simulated annealing calculations with Tg CH 3 in the axial conformation. A refined structure with Tg CH 3 in the axial conformation was placed into a truncated octahedron TIP3P water box, and subjected to 10 ns of isothermal rMD calculations at 300 K (Supplementary Figure S5) . At 4.38 ns the Tg CH 3 -C5-C6-H6 torsion angle shifted from À40 to 50 . This corresponded to a change from the Tg CH 3 axial to the equatorial conformation. The glycosyl Tg O4 0 -H1 0 -N1-C2 torsion angle fluctuated between À90 and À140 (13). Hydrogen bond occupancy was defined as hydrogen bond donors and acceptors being within 3.5 Å with an angle cutoff of 120 . During the first 4.38 ns, in which the Tg CH 3 group was in the axial conformation, the Tg HO6!G 7 N7 hydrogen bond criteria were satisfied (Supplementary Figure S5 , panel D). This induced altered propeller twist at the lesion site. There was 42% occupancy of the Tg OH6!G 7 N7 hydrogen bond during the trajectory and the entirety of this occupancy occurred during the first 4.38 ns. In contrast, during the first 4.38 ns, in which the Tg CH 3 group was in the axial conformation, the distance between Tg HO5 and G 7 N7 was 4.5 Å , which was not consistent with hydrogen bonding. As a consequence of Tg CH 3 reorienting to the equatorial conformation at 4.38 ns, Tg OH5 shifted to the axial conformation. This allowed for hydrogen bond formation with G 7 N7. The Tg OH5!G 7 N7 occupancy was 11% over 10 ns and was only observed after the conformational shift. During these isothermal calculations, the RMSD of the DNA backbone heavy atoms (Supplementary Figure S5 , panel F) was 2 Å .
Structural ensembles representing both axial and equatorial conformations of Tg CH 3 were extracted for analyses (Supplementary Figure S6) . The axial ensemble (PDB ID 2KH5) was extracted from the 120 ps before the conformation change at 4.38 ns; this ensemble had an RMSD of 0.56 Å for the core 6 bp. The equatorial ensemble (PDB ID 2KH6) was extracted 1 ns after the conformational change at 4.38 ns. This had an RMSD of 0.69 Å for the core 6 bp.
To evaluate the accuracies of the rMD ensembles with respect to the 1 H NOESY data, complete relaxation matrix analyses (27, 28) were performed (Supplementary for intra-nucleotide cross-peaks. This indicated that both ensembles of structures satisfied the 1 H NOESY data, although at the lesion site, the agreement between the structures with the Tg CH 3 axial conformation and the NOESY data was improved.
Refined structures
In both the Tg-axial and Tg-equatorial ensembles the cis-(5R,6S) lesion was positioned in the Watson-Crick orientation such that Tg NH 3 was proximate to A 19 N1 and Tg O 4 was proximate to A 19 N 6 H ( Figure 5 ). However, for the Tg-axial ensemble, the base pair opening at X 6 A 19 increased such that the Tg shifted toward the major groove. For the Tg-equatorial ensemble, Tg maintained Watson-Crick positioning. Irrespective of the conformation of Tg, the complementary dA remained in the anti conformation about the glycosyl bond and stacked into the duplex (Figure 6 ). The Tg base stacked below the 5 0 -neighbor base G 5 , while its complement A 19 stacked below the 5 0 -neighbor base C 20 . In the 3 0 -direction, base stacking between Tg and the G 7 C 18 base pair was disrupted ( Figure 5 ). Helicoidal analyses of both the axial and equatorial conformations of Tg indicated disturbances in shear, opening, stagger and stretch at the lesion ( Figure 6 ). For the Tg CH 3 axial conformation the disturbance of the glycosyl torsion angle (w) alleviated steric interactions between Tg CH 3 and the 5 0 -neighbor purine G 5 . The solvent accessible surface of Tg in the duplex relative to that of a free Tg base was compared with bases A 23 , T 9 , and T 12 (Supplementary Figure S8) . Irrespective of whether the Tg CH 3 group was in the axial or equatorial conformation, Tg exhibited an increased solvent accessible surface relative to T 9 and A 23 but was not as exposed to solvent as the terminal T 12 base. The average accessible surface area of the Tg base was 19% in the CH 3 axial structure and 18% in the CH 3 equatorial structure.
DISCUSSION
Defects in human NER are associated with the disease xeroderma pigmentosum (57, 58) . In human global genome NER, the XPC/HR23B complex (59-61) is the damage recognition factor. Damage-induced thermal destabilization of the helix is believed to modulate recognition of a diverse group of damages by XPC (62) (63) (64) (65) (66) . The XPA protein is essential for NER and Yang et al. (67) reported that it exists as a homodimer either in the free state or as a complex with human RPA. It binds to mismatched DNA bubble substrates with or without DNA adducts, including the C8-dG adducts of AF, AAF and 1-nitropyrene, and the T [6, 4] T photoproducts (68) . XPA is likely involved in the verification of DNA damage (64, 69) . It also probably plays a role in recruitment of repair factors and stabilization of repair intermediate structures since it binds more efficiently to undamaged ds-ssDNA junctions with ssDNA branches (68), intermediate structures found in NER. In light of observations that the repair of 5R-Tg by DNA N-glycosylases/AP lyases is modulated by cis-trans epimerization (17) it was of interest to examine the 7:3 cis-(5R,6S): trans-(5R,6R) mixture of Tg epimers paired opposite adenine in the 5 0 -GTgG-3 0 sequence (12) with regard to NER by the NER proteins of E. coli (18, 19) , and the binding of the lesion by the human NER proteins XPA and XPC/HR23B (20) , and to compare these observations with the structure of the cis-(5R,6S) Tg lesion in this same sequence.
When placed opposite dA in the 5 0 -GTgG-3 0 sequence the 5R-Tg lesion exists at 25 C as a 7:3 cis-(5R,6S): trans-(5R,6R) mixture at equilibrium; the structure of the cis-(5R,6S) epimer has been refined herein. That there is no disruption of sequential NOE connectivity for either the complementary strand or the modified strand (Supplementary Figure S2) supports the conclusion that the cis-(5R,6S) Tg lesion minimally distorts the helical backbone (12) . At the X 6 A 19 pair, both Tg and A 19 are inserted into the helix (Figure 6) base pair is also disrupted (Figure 6 ). For the X 6 A 19 pair the cis (5R,6S) Tg lesion is more exposed to solvent, as compared to a Watson-Crick TA base pair (Supplementary Figure S8 ). This agrees with findings in the 5 0 -AXA-3 0 sequence when the 5R Tg lesion was placed opposite dA (10) . Tg 6 lesion remains stacked into the duplex and it is not flipped into the major groove ( Figure 6 ).
Nuclear magnetic resonance (NMR) does not differentiate between axial versus equatorial conformations of the Tg CH 3 group. Both are observed in the rMD calculations. The axial conformation provides a modestly improved agreement with the NOE restraints. This is consistent with the crystal structure at the nucleoside level (70) . Moreover, quantum mechanical calculations of the modified base predict the axial conformation of the cis-(5R,6S) Tg epimer is favored (13) . It was also predicted that the TgA pair should be stabilized by an intra-strand hydrogen bond between the Tg OH6 and the N7 position of a 3 0 purine (13) . Its presence is supported by analyses of the present rMD trajectories. This hydrogen bond is present when Tg CH 3 is in the axial conformation; its occupancy in the 10-ns trajectory is 46% (Supplementary Figure S5, panel D) . It induces propeller twist at the lesion site, which alleviates steric interactions between the CH 3 group and the 5 0 -neighbor guanine. This is reflected in the perturbation of the glycosyl torsion angle w at Tg (Supplementary Figure  S5) . The rMD trajectories suggest the potential for Tg OH5!G 7 N7 hydrogen bond formation when the Tg CH 3 group shifts from the axial to the equatorial conformation. This alleviates steric clash between the Tg CH 3 group and the 5 0 -neighbor guanine, and cannot be ruled out. However, the rMD trajectories predict only 11% occupancy of this hydrogen bond. Overall, it seems that the axial conformation of the cis-(5R,6S) Tg epimer is favored. The increase in longitudinal relaxation for the Tg CH 3 protons is consistent with this conclusion; in the axial conformation the Tg CH 3 group orients toward G 5 . It also exhibits NOEs to G 5 protons; all are sources of longitudinal relaxation. In contrast, thymine has the CH 3 group facing into the major groove with fewer sources of longitudinal relaxation. Epimerization to the trans-(5R,6R) Tg lesion, for which the equatorial conformation of the Tg CH 3 group is favored by 4 kcal/mol (13), probably represents the more favorable mechanism for alleviating steric strain (12) . Consistent with this conclusion, in the structure of the RB69 polymerase involving a template containing the cis-(5R,6S) Tg lesion and an incoming dATP, the Tg CH 3 group is in the axial conformation, despite hindering stacking of the adjacent 5 0 -template guanine (71) . Bolton and co-workers (11) reported that a disordered structure resulted when 5R-Tg was placed into a duplex containing the 5 0 -GTgC-3 0 sequence. This suggests that formation of an intra-strand hydrogen between the Tg C6 OH and the N7 position of a 3 0 purine (13) is important in stabilizing the cis-(5R,6S) Tg lesion in duplex DNA.
The observation that the K d values of XPC/HR23B from either the 5R-Tg-($18 nM) or AAF-DNA substrates ($27 nM) are lower than those from XPA is consistent with the proposed role of XPC/HR23B as the damage recognition factor in human genomic NER (64, 69) . In comparison, XPC/HR23B binds to cisplatin 1,3-intrastrand adducts or 6-nt lengths of mispaired DNA with a K d of 1-3 nM (64) . The recognition of the AAF-damaged DNA by XPC/HR23B has been attributed to the adduct's inability to base pair efficiently with cytosine (72) , and an emerging consensus posits that disruption of normal base pairing and the resulting destabilization of the helix, rather than the recognition of helical distortion by bulky lesions, governs the affinity of XPC/HR23B binding (73) . It should be noted, however, that while 5R-Tg can be recognized by XPC/HR23B and XPA, the efficiency of incision of this site-specific lesion by the human NER system remains to be determined.
From studies of the yeast XPC orthologue Rad4 bound to DNA containing a cyclobutane pyrimidine dimer, Min and Pavletch (74) . As indicated in Figure 5 , the imino resonance of base pair G 5 C 20 broadens due to solvent exchange. In fact, it disappears from the 1 H NMR spectrum $35 C lower in the 5R-Tg modified DNA as compared to the unmodified duplex (12) .
This destabilization of the two base pairs by the cis-(5R,6S) epimer may lower the activation barrier with respect to flipping both base pairs out of the helix, enabling XPC/HR23B to recognize the 5R Tg lesion prior to the recruitment of XPA. Based upon MD simulations of the Dickerson-Drew 5R-Tg-modified dodecamer d(CGCGAATgTCGCG) 2 0 -neighbor base pair. The increase in transverse relaxation for Tg CH 3 as compared to unmodified thymine CH 3 protons is attributed to the puckering of the Tg six-member ring. However, increased backbone and sugar motions in tandem with the puckering of the Tg ring cannot be excluded.
The 5R-Tg lesion is also a substrate for base excision repair in E. coli and in mammalian cells (77) . In E. coli, repair of Tg is initiated by endonuclease III (Nth) (78) and endonuclease VIII (Nei) (79) . Yeast (80) , mammalian (81, 82) and human orthologs (83) (84) (85) of Nth have been characterized. Likewise, human orthologs of Nei have been characterized (86, 87) . The human hNTH1 exhibits a 13:1 preference for excising the 5R versus the 5S epimers, whereas hNEIL1 (86,88) shows a 1.5:1 preference for excising the 5R versus the 5S epimers (89) . Similar observations have been made for prokaryotic, yeast and murine glycosylases (90) . Ocampa-Hafalla et al. (17) showed that the repair of Tg by DNA N-glycosylases/ AP lyases is modulated by the cis-trans epimerization of these two sets of diastereomers and that repair of 5R Tg by hNEIL1 depends upon the opposing base, with TgG pairs being excised much more rapidly than TgA pairs. Significantly, when 5-methyl cytosine is oxidatively damaged, forming 5-methycytosine glycol, hydrolytic deamination yields Tg mismatched with dG in (3). Computational studies suggest that substrates for hNEIL1 possess in common a pyrimidine-like ring and hydrogen bond donor-acceptor properties, allowing them to be accommodated within the enzyme's binding pocket (91) . Based upon structural data for the 5R-Tg lesion in a TG mismatch, we suggested that the wobble orientation of the cis-(5R,6S) Tg base in the TgG pair shifts it toward the major groove, reflected in an increased solvent accessible surface and reduced barrier for intrinsic breathing of the lesion (14) . While the TgA structure also shows an increased solvent accessible surface area, it differs from the TgG pair in that an efficient hydrogen bond between Tg OH6!G 7 N7 is possible; this may be sufficient to reduce the barrier toward base-flipping of the Tg lesion into the active site pocket of the glycosylase.
In summary, in the 5 0 -GTG-3 0 sequence, 5R-Tg, paired with dA, is a good binding substrate for the NER proteins from E. Coli and humans, corroborating earlier reports (18) (19) (20) . It is a better substrate of the human NER proteins XPA and XPC/HR23B in comparison to the C8 dG adduct of AAF. The structure of the cis-(5R,6S) Tg lesion in this same sequence is consistent with the repair data in that the lesion causes destabilization of the 5 0 -neighboring GC base pair, in addition to an increase in the solvent accessible area of Tg. It is conceivable that these thermodynamic perturbations of two base pairs contribute toward efficient recognition and NER of the 5R-Tg lesion.
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